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SEROTONERGIC AXON DEVELOPMENT IN MEDULLA OBLONGATA IN 
POST-NATAL MICE 
AYUSHI TYAGI 
ABSTRACT 
Sudden Infant Death Syndrome (SIDS) is the sudden death of an infant younger 
than one year of age that remains unexplained after a complete investigation. For these 
infants, many different reasons have been hypothesized as to the cause of these deaths 
including: inherent vulnerability and improper hypoxic arousal. Studies done in other 
laboratories have shown that there seems to be a reduction in the levels of the 
neurotransmitter serotonin (5-HT) in the neurons of the raphe, extra-raphe, and ventral 
populations along with projection sites of these neurons. The huge implications of 5-HT 
in the control of respiration, prompted animal model studies to further investigate a 
potential connection between 5-HT and SIDS. 5-HT deficient mice were engineered by 
knocking out the Pet-1 transcription factor so that knockout mice only retained 30-40% 
of their brainstem 5-HT neurons. By comparing these 5-HT deficient Pet-1 knockout 
mice to wild-type mice, it was demonstrated that 5-HT deficient mice failed to 
autoresuscitate themselves after repeated bouts of hypoxia. Intriguingly, these mice only 
experienced an autoresuscitation deficit during a specific time period during 
development. To further evaluate the pathological development behind this behavior 
issue, in the current study we utilized mice that have modified Pet-1-Flpe driver, Egr2-
Cre driver, along with a knock-in RC::FPSit allele to observe 5-HT development in the 
brainstem in a mature adult and across the critical period (postnatal days 8 and 13- P8 and 
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P13). The transgenic mouse model Pet1-Krox20 gives us a way of exploring a specific 
subset of 5-HT neurons that rise from the developmental rhombomeres r3 and r5. The use 
of the knock-in RC::FPSit allele allows us to view the axonal projections of these specific 
5-HT neurons by utilizing the presynaptic marker synaptophysin-GFP. This model 
(PKSit) will allow us to target 5-HT neurons that are implicated in respiration. We chose 
to compare two projection targets of the PKSit 5-HT neuron subtype through the 
vulnerable period of development and mature adult mouse: the Locus Coeruleus (LC) and 
the Nucleus Tractus Solitarius (NTS). In this study we tested the amount of colabeling 
between 5-HT and GFP in the LC and NTS at P8, P13, as well as the mature adult. We 
hypothesize that the LC undergoes significant serotonergic axon development and 
increases colocalization with GFP labeled axon projections between the ages of P8 and 
P13. We sliced mouse brains and ran immunofluorescence before taking confocal 
images. By utilizing ImageJ software to run colocalization analysis on the images 
obtained, we were able to quantify the amount of 5-HT labeled axon projections that are 
colocalized with GFP labeled axon projections. The parameters we used to quantify the 
amount of colocalization include the Pearson’s Coefficient (PC), Mander’s Coefficient 
(M1/M2), Cytofluorograms, Costes’ Method, and van Steensel’s Cross-Correlation 
Coefficient (CCF). We found that the LC shows significant changes with age in the 
colocalization of 5-HT with GFP while the NTS does not exhibit significant changes with 
age. The significant changes found in the LC 5-HT/GFP expression between the ages of 
P8 and P13 suggest one possible cause of failure of arousal. At P8, this lack of 5-HT 
colabeling with GFP projections suggests that there is some development occurring, 
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which prevents the proper function of 5-HT. At P13, there is a significant increase in the 
colabeling of 5-HT with GFP, which indicates that the Pet1-Krox20 lineage is actively 
using 5-HT. The colocalization studies demonstrate that as the mouse ages, the amount of 
5-HT labeling with GFP-synaptophysin in the NTS stays the same. The lack of overlap 
even in mature adult mice suggests that the expression of 5-HT in GFP labeled 
projections is not necessary. This colocalization study shows that there is an effect of age 
on the development of the serotonergic system in the LC, but no effect of age in the NTS. 
While this demonstrates that there is a critical period of development in relation to the 
LC, it is only one aspect of why mice pups failed to respond to repeated bouts of hypoxia. 
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INTRODUCTION 
 
Sudden Infant Death Syndrome (SIDS) is the sudden death of an infant younger 
than one year of age that remains unexplained after a complete investigation. This 
investigation can include an autopsy, a review of the death scene, and complete family 
and medical histories (Willinger, James, & Catz, 1991). A diagnosis of SIDS is made by 
collecting information, conducting scientific or forensic tests, and talking with parents, 
other caregivers, and health care providers. If, after this process is complete, there is still 
no identifiable cause of death, the infant’s death might be labeled as SIDS. For these 
infants, many different reasons have been hypothesized as to the cause of these deaths 
including: inherent vulnerability and improper hypoxic arousal (Erickson & Sposato, 
2009; Pasquale-Styles, Tackitt, & Schmidt, 2007). It has been discovered that 90% of 
these deaths occur in infants under six months of age with 75% of the deaths occurring 
between two and four months of age, suggesting a highly vulnerable period during which 
infants fail to respond properly to hypoxic conditions (Mathews & MacDorman, 2008). 
Studies done in other laboratories have shown that there seems to be a reduction in the 
levels of the neurotransmitter 5-hydroxytrytamine, or serotonin (5-HT) in the neurons of 
the raphe, extra-raphe, and ventral populations along with projection sites of these 
neurons (Kinney et al., 2009; Kinney et al., 2011). These major findings in humans have 
led to many animal studies that have established that 5-HT is implicated in systems of 
arousal, respiration, and physiological response and that an abnormality in the 
development of these serotonergic systems can result in a failure to detect CO2 levels and 
 2 
a consequent failure of arousal to hypoxic conditions (Paterson et al., 2006).  
 The huge implications of 5-HT in the control of respiration prompted animal 
model studies to further investigate a potential connection between 5-HT and SIDS. In a 
study done by Cummings et al., (2011) 5-HT deficient mice were engineered by 
knocking out the Pet-1 transcription factor so that knockout mice only retained 30-40% 
of their brainstem 5-HT neurons. Pet-1 knockout mice have previously been shown to 
experience difficulty when it comes to respiration and frequently experience apnea, 
spontaneous bradycardia, and delayed gasping when exposed to a single hypoxic episode 
(Erickson & Sposato, 2009). By comparing these 5-HT deficient Pet-1 knockout mice to 
wild-type mice, it was demonstrated that 5-HT deficient mice failed to autoresuscitate 
themselves after repeated bouts of hypoxia. Intriguingly, these mice only experienced an 
autoresuscitation deficit during a specific time period during development. When 
exposed to repeated bouts of hypoxia, 5-HT deficient mice at postnatal day 5 (P5) and 
postnatal day 12 (P12) were able to autoresuscitate, while the 5-HT deficient mice at 
postnatal day 8 (P8) were unable to survive the third and fourth bouts of hypoxia 
(Cummings et al., 2011). Wild-type mice were able to successfully survive all hypoxic 
bouts at P5, P8, and P12. The authors hypothesized that there must be some effect on 5-
HT development in the brainstem that significantly alters the way mice pups respond to 
hypoxic conditions; however, age-dependent serotonergic development in the brainstem 
during this vulnerable period of arousal was not investigated thoroughly in this study. 
 The mice utilized in the current study have modified Pet-1-Flpe driver, Egr2-Cre 
driver (also known as Krox20-Cre), along with a knock-in RC::FPSit allele to observe 5-
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HT development in the brainstem in a mature adult and across this critical period 
(postnatal days 8 and 13- P8 and P13). The transgenic mouse model Pet1-Krox20 gives 
us a way of exploring a specific subset of 5-HT neurons that rise from the developmental 
rhombomeres r3 and r5. Both of these genes are sparsely expressed in 5-HT neurons and 
their projections in the cortex, but widely dispersed in the medulla oblongata (Brust et al., 
2014). The use of the knock-in RC::FPSit allele allows us to view the axonal projections 
of these specific 5-HT neurons by utilizing the presynaptic marker synaptophysin-GFP. 
Moreover, it was discovered that this subset of 5-HT neurons is involved in controlling 
respiration, arousal, and response to hypoxia (Niederkofler et al., 2014). This model 
(PKSit) will allow us to not only target 5-HT neurons that are implicated in respiration, 
but also selects for only those 5-HT neurons involved in the chemosensory regulation of 
respiration rather than the primary motor control of breathing. The key distinction 
between the two is that while primary motor control includes physical actions of 
respiration (lifting head, gasping, etc.), chemosensory neurons detect levels of CO2/H+ in 
the blood and provide feedback about potentially hypoxic conditions to the primary 
motor control neurons (Brust et al., 2014). We chose to compare two projection targets of 
the PKSit 5-HT neuron subtype through the vulnerable period of development and mature 
adult mouse. The Locus Coeruleus (LC) is a primary area of serotonergic chemosensory 
control in respiration and the Nucleus Tractus Solitarius (NTS) is also an area of the 
brainstem that is implicated in the chemosensory regulation of respiration and will allow 
for comparison of 5-HT axon development during the vulnerable period (Wickstrom, 
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Hokfelt, & Lagercrantz, 2002). By comparing the adult brainstem to the brainstems at P8 
and P13, the development of brainstem 5-HT can be mapped.  
In this study we tested the amount of colabeling between 5-HT and GFP in the LC 
and NTS at P8, P13, as well as the mature adult. We hypothesize that the LC undergoes 
significant serotonergic axon development and increases colocalization with GFP labeled 
axon projections between the ages of P8 and P13. If there is little 5-HT colabeling with 
GFP at P8 and a significant increase in colabeling at P13, it would suggest that the LC at 
P8 is not properly functional and may be one of the factors influencing autoresuscitation 
failure during this critical vulnerable period. 
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METHODS 
 
Subjects 
 
 Subjects were obtained from Harvard Medical School and all procedures were 
carried out in accordance with Harvard Medical School Institutional Animal Care and 
Use Committee (IACUC) policy and mice were housed under standard conditions. 
Sample sizes were n = 5 for both P8 and P13 and n = 3 for the adult age group, and all 
groups included both male and female mice. The transgenic mice expressing GFP were 
obtained by combining three alleles: Pet1-Flpe and Krox-Cre and a knock-in RC::FPSit 
allele (PKSit mouse model) that allows us to view neuronal axon projections 
(Niederkofler et al., 2014). The presence of both the Flpe and Cre drivers allows GFP to 
be expressed in specific 5-HT neurons (Figure 1).  
 
 
Figure 1: Experimental Mouse Model. A) GFP expression in 5-HT neurons is 
dependent on the presence of both the Flpe and Cre drivers. Recombination events help 
Flpe to remove the first stop at the FRT site and Cre remove the second stop at the loxP 
site. B) RC-FPSit knock-in allele allows for synaptophysin-GFP expression at axonal 
terminals of neurons. Adapted from Niederkofler et al., 2014. 
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Krox20 mice express GFP in a select developmental zone that coincides with 
some chemo-sensitive respiratory areas of the brainstem. Brust et al., (2014) found that 
Pet-1 neurons originating from rhombomere 3 and 5 (marked by Krox expression) 
specialized in respiratory chemosensitive response and the projection terminals of these 
neurons are found in areas including but not limited to the LC and NTS (Figure 2). Pups 
were anesthetized on either P8 or P13 with Avertin (Sigma) and perfused with 1.5 mL of 
0.1M phosphate-buffered saline (PBS) followed by 3 mL of 4% paraformaldehyde (PFA) 
in PBS. Adults were perfused with 3 mL of PBS followed by 6 mL PFA. A small amount 
of PBS was used during the perfusions so as to minimize 5-HT staining variability 
between animals. Brains were then extracted and stored in 4% PFA at 4°C overnight. 
Paired analysis was done so that one animal from P8, one animal from P13, and one 
animal from adult were sliced, immunofluorescence processed, and imaged together to 
reduce technical variation. 
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Figure 2: Developmental Krox20 Expression. Sagittal view of the brainstem, green 
arrows indicate that Krox20 (Egr2) neurons have projections that terminate in the orange 
shaded nuclei. Adapted from Brust et al., (2014). 
 
Tissue preparation and immunofluorescence 
 
The brain tissue was stored in 30% sucrose and 0.01% azide solution in 4°C for 
approximately 48 hours prior to sectioning. The tissue block was cut coronally 3mm 
caudal to Bregma and the hindbrain was frozen on dry ice while forebrain was returned to 
the 30% sucrose solution. Forty micrometer thick coronal sections were cut with a 
cryostat and every third section was collected on Superfrost Plus Microscope slides 
(Fisher Scientific, Hampton, NH, USA; catalog number 12-550-15). For 
immunofluorescence, sections were incubated for 24 hours at room temperature with 
primary antisera with phosphate buffered saline containing 0.1% bovine serum albumin, 
0.3% Triton X-100, and 0.01% sodium azide (PBS-BSA-T-A). Primary antisera included 
5-HT raised in rabbit, which allowed for visualization of boutons and axon projections 
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along with 5-HT cell bodies (ImmunoStar, Hudson, WI, USA; catalog number 20080; 
1:5000), GFP raised in chicken, which was used as a marker for axon projections and cell 
bodies containing genetic drivers Cre and Flpe (Aves, Tigard, OR, USA; catalog number 
GFP-1020; 1:1000), and TH primary antisera raised in mice, which was used to highlight 
TH cell bodies, a useful marker in locating the LC and NTS (ImmunoStar, Hudson, WI, 
USA; catalog number 22941; 1:2000). 
 After 24 hours, the slides were rinsed twice in PBS for approximately two 
minutes each and PBS-BSA-T-A was used for preparation of secondary antisera. 
Secondary antibodies conjugated to the fluorophores Alexa488 anti-chicken (Invitrogen, 
Carlsbad, CA, USA), CY3 anti-mouse (Jackson Immunoresearch, West Grove, PA, USA) 
and Alexa647 anti-rabbit (Invitrogen, Carlsbad, CA, USA) were all raised in donkeys 
with minimal cross-reactivity to other species and were diluted to 1:100 and used to 
detect immunolabeling. Sections were left for 90 minutes at room temperature and then 
rinsed twice in PBS for two minutes each and once in 0.05M phosphate-buffer for 
approximately 10 seconds. Slides were then dried and cover-slipped with a glycerol-
containing aqueous mounting medium. 
Imaging and Assays 
Imaging of slides was done via an inverted spinning-disc confocal microscope 
(Olympus IX81-DU, Tokyo, Japan). All images of immunofluorescent labeling shown 
are either 10x objective widefield images to establish location or projections of z-stacks 
of 10 images, photographed at 1-µm Z-steps with either 20x or 60x objectives. LC was 
imaged at 60x due to the high density of boutons while NTS was imaged at 20x. Each 
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tissue section that contained the LC and NTS was photographed so that every animal had 
2-6 samples of each area.  
 Analysis of the GFP-containing axon terminals focused on areas that are 
implicated in chemosensory related respiratory nucleii, specifically the LC and NTS. To 
examine the extent of colocalization between 5HT-containing axons and PKSit, GFP-
containing axons, density quantification was done with NIH ImageJ software. By 
counting how many axons were labeled with GFP and how many were labeled with 5-HT 
in selected areas within the LC and NTS, I was able to calculate the density of 5-HT and 
GFP present. Images of the LC and the NTS were taken from the same animal. The 
Analyze-Set Scale function was used to calculate the area of the 20x and 60x images 
accurately. Images were split into individual grey-scale color channels, the blue channel 
was discarded and the background subtracted from both red and green channels. Images 
were then manually thresholded using ImageJ’s Image-Adjust-Threshold function. In 
order to reduce variation in analysis, a universal threshold was set for both the LC and 
NTS in order to analyze density consistently between P8, P13, and adult. For each NTS 
20x image, five different samples of approximately 9530 microns-squared were selected 
while for each LC 60x image, five different samples of approximately 1062 microns-
squared was used. Using the elliptical selection tool a sample of area was selected in the 
red channel, then the exact same sample area was selected in the green channel by going 
to the Edit menu and clicking Selection-Restore Selection. Using the Analyze-Analyze 
Particles function of ImageJ, each sample area was first quantified for 5-HT labeled 
axons from the red channel, then for GFP axons in the green channel, and finally for the 
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number of colabeled axons.  
 Further analysis was undertaken with NIH ImageJ software using the Coloc2 and 
JACoP plug-ins. Images of the LC and the NTS were taken from the same animal. 
Images were split into individual grey-scale color channels, the blue channel was 
discarded and the background subtracted from both red and green channels. The images 
were originally manipulated using Costes’ automatic threshold in both Coloc2 and 
JACoP; however, some adjustment of the automatic threshold was necessary at times to 
reduce detection of non-specific signal. In Coloc2, all tests were run with a point-spread 
function (PSF) of 2 for 60x images and a PSF of 1 for 20x images and a Costes’ 
randomization of 100. In JACoP, all tests for images were run with a Costes’ 
randomization of 1000 and Van Steensel’s Cross Correlation xy shift of 25. Pearson’s R-
Value and Mander’s Coefficients were obtained using Coloc2 and Spearman’s 
Correlation Coefficient was obtained from JACoP; individual subject means were 
calculated and then averaged per age group.  
Analysis 
 Density analysis was done for five P8 and P13 subjects, and three adult subjects 
by calculating the average densities of 5-HT and GFP labeled boutons for each LC or 
NTS per animal. Then, the mean densities for all P8 animals was calculated followed by 
the mean densities of all P13 animals, and lastly the mean densities of all adult animals. 
Therefore for both the LC and NTS, I obtained an overall average density of 5-HT and 
GFP labeled axons for all three age groups.  
 To analyze colocalization between GFP and 5-HT, several parameters including 
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the Pearson’s R-Value, Mander’s Coefficients, Costes’ Method, and van Steensel’s 
Cross-Coefficient Function were examined (Bolte & Cordelieres, 2006). Pearson’s R-
Value compares the pixel intensities of each color channel of an image. A scatter plot of 
the intensities, called a cytofluorogram, is made by comparing the intensity of one pixel 
on the green channel to the corresponding pixel on the red channel. The distribution of 
dots on the scatter plot helps determine if there is a linear relationship, and that is 
calculated by linear regression (y = a + bx). The slope of the line tells us the rate of 
association between the two channels and their corresponding pixels. The spread of the 
distribution of the scatter plot in respect to the fitted line allows us to calculate the 
Pearson’s R-value or the Pearson’s Coefficient (PC). The PC ranges from R = 1 
indicating perfect fluorescence intensity, to R = -1, inversely related perfect fluorescence 
intensity. A PC of zero indicates uncorrelated, mutually exclusive fluorescent probes. 
One downfall to the Pearson’s approach is that high levels of noise or excessive 
background can disrupt the accurate calculation of the PC. Since background signal is 
plotted pixel by pixel as well, excess noise will decrease the PC and tend to drive it 
towards zero. Thus, the PC is sensitive to background signal and depends heavily on 
thresholding (Bolte & Cordelieres, 2006). Moreover, PC is a calculation of pixel 
intensities and does not factor in overlap as effectively as the Mander’s Coefficient’s 
(M1/M2). 
 M1/M2 are independent of the fluorescent intensities of the green and red channel 
and focuses more on the percentage of overlap between the red and green channels of an 
image. They range from 0 (non-overlapping) to 1 (100% colocalization) and are stated in 
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proportion to the other channel. For example, M1 is a ratio of the sum of pixel intensities 
in the red channel above zero to the total intensity in the green channel and M2 is a ratio 
of the inverse (green channel above zero to red intensity total). In this way, M1 and M2 
are good indicators of the percentage of green channel that is colocalized with the red 
channel. While independent of the intensity of pixels, M1/M2 are also highly influenced 
by noise and background. Setting a threshold to calculate the values is very important, as 
noise will throw off the M1 and M2 values (Bolte & Cordelieres, 2006). To avoid biased 
thresholding, the Costes’ automatic threshold is applied and is only adjusted when the 
threshold mistakes background noise as viable boutons in the image. While PC and 
M1/M2 give us an idea of how much of an image is colocalized, they do not show us the 
relationship between the two channels.  
 To defend the amount of colocalization that is driven by chance, we employed 
Costes’ Method and van Steensel’s Cross-Correlation Function (CCF). Costes’ Method 
requires taking the original image and randomizing the pixels to form a new unique 
image. The PC, or R-value, of this image is measured and this process is repeated many 
times: our Costes’ Method randomization was set at 1000 therefore, 1000 unique images 
were generated and the probability density of the R-value was plotted against R-values 
generated by the randomized images. The Costes’ Method allows us to see the 
significance of the R-value of our original image (Bolte & Cordelieres, 2006). Lastly, we 
used van Steensel’s cross-correlation analysis to help us determine how much of the 
double labeling found in the original image are due to nonspecific, random chance and 
how much is due to true co-labeling. This is achieved by taking the two channels and 
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shifting the green channel over the red channel, pixel by pixel, and measuring the R-value 
after each shift. These values are then plotted against the distance of pixels removed from 
which a fitted bell curve is delineated from the points. In a case of specific colocalization, 
the R-value is maximum when no shift has occurred and the curve peaks at dx = 0. By 
normalizing the CCF curve graphs, we are able to interpret the percent of significant co-
labeling that is reflected by the R-value (van Steensel et al., 1996). Statistically 
significant differences in P8, P13, and adult brains for all parameters (Density, PC, 
M1/M2, Costes’ Method, and CCF) were detected using a one-way analysis of variance 
(ANOVA; SPSS Statistics, Version 21). A threshold for significance of P < 0.05 was 
used. 
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RESULTS 
 
 
LC 
 Overall, we found a significant increase in colocalization between the 5-HT (red 
channel) and GFP (green channel) in the LC between all the ages. Comparing pixel 
intensities of the red and green channels allows us to see an increasing linear relationship 
as the mouse ages, suggesting an increase in colocalization (Figure 3). We consistently 
observed a dense distribution of GFP innervation found lateral to the fourth ventricle in 
the pons throughout all three ages (Figure 4). While there was a significant difference in 
the density of 5-HT axons between P8 and P13 subjects, it was also observed that 
significant 5-HT axonal growth occurs between P13 and adult in the LC as well. At P8, 
the LC was found to have little colocalization between 5-HT and GFP boutons. P13 
showed a definitive increase in the colocalization of these boutons and the adult images 
reinforced the high levels of colocalization.  
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Figure 3: LC Linear Regression. (A) P8 animal cytofluorogram demonstrates the low 
linear relationship between the red channel and the green channel of one image (b = 
6.832). The intensities of the green channel are much higher and more frequent than the 
intensities of the red channel and there is a wide distribution of dots suggesting little to no 
correlation between the red and green channels. (B) P13 animal cytofluorogram 
demonstrates higher linear relationship between the red and green channel pixel 
intensities. The slope of the linear regression describes the rate of association of two 
fluorochromes and is comparatively higher than the P8 linear regression (b = 8.925). 
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Figure 4: 10x, 60x LC Images. (A, B, C) A collection of P8 (A), P13 (B), Adult (C) 10x 
widefield images of the LC taken at approximately the same location in each subject. A 
dense innervation of GFP was observed lateral to the fourth ventricle in the pons 
throughout all ages. Scale bar is approximately 19.35 micrometers. (D, E, F) A collection 
of P8 (D), P13 (E), Adult (F) 60x confocal, z-stack images of the LC taken at 
approximately the same location in each subject. Little to no observable 5-HT in P8 
animals while P13 subjects have increased 5-HT (red) labeling along with increased co-
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labeling with GFP (green). TH was stained in blue and serves a marker for the location of 
the LC. Adult pictured for comparison to P13 and shows maximum biological levels of 5-
HT and GFP co-labeling. Scale bar is approximately 3.24 micrometers. 
 
There was a significant main effect of age on colocalization as measured by 
Pearson’s coefficient (F (2,12) = 21.096; p < 0.001). Post-hoc analysis revealed that P13 
brains have significantly more colocalization of 5-HT and GFP as measured by Pearson’s 
coefficient than at P8, but also significantly less colocalization than in the adult brain (p’s 
< 0.05; Figure 5). 
 
  
 
Figure 5 – Increased Colocalization of 5-HT and GFP over Development. Mean 
Pearson R-Values (+/- 1 SEM) between PKSit mice of age groups P8, P13, and adult in 
the LC. A significant increase in Pearson R-value was found between P8/P13 (p = 0.004) 
and P13/Adult (p = 0.023). Significant values are indicated by *. 
 
Indeed, the Mander’s Coefficients (M1 and M2), which signifies the ratio of 
overlap between two channels, also show a significant increase (M1: F(2,12) = 8.596; p = 
0 
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0.007; M2: F(2,12) = 9.551; p = 0.005) in overlap with increasing age (Figure 6). Post-
hoc analysis of M1, the ratio of red pixels overlapping with green pixels, reveals that 
there is a significant increase in co-labeling between P8 and P13 (p < 0.05) and P8 and 
Adult (p < 0.05). Similarly, post-hoc analysis of M2, the ratio of green pixels overlapping 
with red pixels, shows that both P8/P13 and P8/adult are significantly different from each 
other (p’s  < 0.05). With both M1 and M2, P13 has a higher ratio of pixel overlap than P8 
while the adult exhibits maximum pixel overlap.  
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Figure 6: M1/M2 Increased Colocalization with Age. Comparison of mean M1 and 
M2 coefficients (+/- 1SEM) between the LC’s of PKSit mice ages P8, P13, and adult. A 
significant increase in M1 (indicated by *) was found between P8/P13 (p = 0.025) along 
with a significant increase between P8/Adult (p = 0.002) (indicated by #). A significant 
increase in M2 was found between both P8/P13 (p = 0.012) (indicated by *) and P8/Adult 
(p = 0.002) as well (indicated by #).    
NTS 
 
 The NTS did not undergo the same developmental changes as the LC and showed 
no significant differences between any of the ages. Even though both the LC and NTS are 
highly involved in respiratory chemo-sensitive response, the NTS is a starkly different 
region of the brainstem when compared to the 5-HT and GFP colabeling in the LC. 
Images of the NTS were taken at 20x and they were observed to not show many changes 
in the 5-HT and GFP co-labeling between the three age groups (Figure 7). Moreover, the 
cytofluorogram of the NTS shows that the linear regression does not change with age 
(Figure 8). 
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Figure 7: 10x, 20x NTS Images. A collection of P8 (A, D), P13 (B, E), and adult (C, F) 
NTS images taken with a widefield camera at 10x (A, B, C) and a confocal camera at 20x 
(D, E, F). 5-HT is labeled red, GFP is labeled green, and TH is used as a marker and 
labeled in blue. There is no observable difference in 5-HT and GFP staining and there is 
little to no co-labeling of boutons. There is no distinct pattern of staining and variability 
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of how much 5-HT/GFP exists among the age groups. 10x scale bar is approximately 
19.35 micrometers. 20x scale bar is approximately 9.71 micrometers.  
 
 
 
 
Figure 8: NTS Linear Regression. (A) P8 animal cytofluorogram demonstrates the low 
linear relationship between the red channel and the green channel of one image (b = 
0.0633). (B) P13 animal cytofluorogram demonstrates similar linear relationship between 
the red and green channel pixel intensities. The slope of the linear regression describes 
the rate of association of two fluorochromes and is comparatively similar to the P8 linear 
regression (b = 0.0691). 
 
 The Pearson’s Coefficient in the NTS did not change significantly (F(2,12) = 
0.474; p = 0.636) as the mouse ages (Figure 9). In addition, the Mander’s Coefficient did 
not change significantly (M1: F(2,12) = 0.331; p = 0.726; M2: F(2,12) = 0.233; p = 
0.796) suggesting that the ratio of red pixels overlapping with green pixels (M1) and the 
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ratio of green pixels overlapping with red pixels (M2) does not change with age (Figure 
10). 
 
 
 
Figure 9: NTS Pixel Intensity Colabeling. Comparison of mean NTS Pearson R-Values 
(+/- 1 SEM) between PKSit mice of age groups P8, P13, and Adult. There were no 
significant R-values found between P8/P13 (p = 0.788) and P13/Adult (p = 0.487). 
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Figure 10: NTS M1/M2 Ratio of Overlap. Comparison of mean M1 and M2 
coefficients (+/- 1SEM) between the NTS of PKSit mice ages P8, P13, and Adult. There 
was no significant difference in M1 between P8/P13 (p = 0.916) or P13/Adult (p = 
0.0.457) and no significant difference with age in M2 between both P8/P13 (p = 0.645) 
and P13/Adult (p = 0.818).  
 
 
Costes’ Method and van Steensel’s Cross Correlation Coefficient 
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While it is important and necessary to know how the PC, M1, and M2 change 
with age, it is equally important to know if the correlation values obtained are significant 
within each age group. The PC gives us a good indication of the intensity of overlap but 
the PC is unable to distinguish if that value is significant or arises due to randomness. In 
order to test the significance of PC values within age groups, Costes’ method and van 
Steensel’s method of cross correlation was utilized. With Costes’ method it was found 
that PC values obtained for both LC and NTS were significant and not due to random 
chance. All images of LC and NTS had R-values that were significant when compared to 
the images generated by randomizing pixels (Figure 11). 
 
 
 
 
Figure 11: Costes’ Method LC vs. NTS. Comparison of R-values via Costes’ Method. 
Bell curves for randomized images all center around r = 0.00 which suggests that R-value 
for original images (red lines) are significant. A) LC from P8 subject shows a R-value 
that is very different from a LC from P13 subject (B) and suggests an effect on the 
development of serotonergic systems. C) NTS from P8 subject has an R-value that is very 
similar to NTS from P13 subject (D). Graphs were obtained from JACoP. 
 
Similarly, using van Steensel’s method of cross correlation demonstrates the 
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significance of R-values of the original images by distinguishing how much of the R-
value calculated at dx = 0 is due to nonspecific random labeling and how much is due to 
true double labeling. While both NTS and LC show that the PC values obtained at dx = 0 
are significant, only the LC Pearson’s coefficient values change significantly with age, 
suggesting an increase in colocalization in the LC as brain development occurs (Figure 
12). In addition, the PC values were normalized to compare the significance in co-
labeling with non-specific double labeling as distance increases from dx = 0 to dx = 25, 
with dx = 0 set as the maximum value (Figure 13). Through the Costes’ method and van 
Steensel’s cross correlation coefficient, it can be verified that R-values obtained with the 
original image at dx = 0, are significant and not due to random chance. This further 
allows us to conclude that the developmental changes we found between the age groups 
are meaningful. 
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Figure 12: Cross Correlation Function Average, LC vs. NTS. van Steensel’s cross-
correlation coefficient graphs plot the R-value measured after the green channel image 
was shifted, pixel by pixel, over the red channel image. Mean PC value at dx = 0 was 
found by averaging all the R-values at dx = 0 for every LC at P8. Repeated procedure for 
all R-values until dx = 25. At P8, LC R-value decrease is negligible with shift: in 
contrast, P13 and Adult show significant changes in R-value with increasing distance. In 
NTS, all three age groups show very slight shift in R-values as distance increases, 
suggesting that the R-value at dx = 0 is not significant. 
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Figure 13 – Cross Correlation Function Normalized. Normalized Average CCF values 
allow us to see the rate at which the R-value decreased with distance for each age group. 
Normalized values were calculated by setting dx = 0 as the maximum and dividing each 
consequent R-value by the R-value at dx = 0. LC: P13 and Adult curves show a similar 
decrease to approximately 42% while P8 shows less of a decrease (approximately 52%). 
NTS: P8 and P13 curves show a similar decrease to approximately 16% while Adult 
decreased to approximately -15%. 
 
 
30 40 
50 60 
70 80 
90 100 
0  5  10  15  20  25 
Pe
rc
en
t 
Distance (pixels) 
LC Average CCF Normalized (%) 
P8 P13 Adult 
‐20 0 
20 40 
60 80 
100 
0  5  10  15  20  25 
Pe
rc
en
t 
Distance (pixels) 
NTS Average CCF Normalized (%) 
P8 P13 Adult 
 28 
Density Quantification 
 We conducted density quantification for five P8 and P13 subjects and three adult 
subjects and found that there was no significant change between the density of 5-HT and 
GFP (Table 1). The density quantification demonstrated that there was no significant 
change in the LC between the densities of 5-HT and GFP between all three ages (5-HT: 
F(2,12) = 2.998; p = 0.095; GFP: F(2,12) = 0.001; p = 0.999) (Figure 14). The NTS 
showed no change between all three ages for the density of 5-HT and GFP boutons (5-
HT: F(2,12) = 0.875; p = 0.446; GFP: F(2,12) = 0.836; p = 0.462). 
 
Table 1: Density Quantification of Boutons. The average density of 5-HT and GFP 
boutons for five P8 animals, five P13 animals, and three adults for both the LC and NTS. 
Area is measured in microns-squared. 
 
 LC Density (#boutons/area) NTS Density (#boutons/area) 
 5-HT GFP 5-HT GFP 
P8 0.063 0.139 0.019 0.007 
P13 0.084 0.138 0.020 0.005 
Adult 0.131 0.138 0.012 0.003 
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Figure 14- LC and NTS Density Quantification. Mean Density of either 5-HT or GFP 
for all three age groups (+/- 1SEM). Top row: LC 5-HT Density shows a trend towards 
increasing 5-HT as the mouse ages, however it is not significant (p > 0.05). LC GFP 
Density is the same between all three age groups, no significant difference (p > 0.05). 
Bottom row: NTS 5-HT Density demonstrates no specific trend while NTS GFP Density 
demonstrates a non-significant trend of decreasing GFP density with age (p > 0.05).  
 
Overall, through colocalization analysis, it was found that the LC has a significant 
age dependent increase in colocalization between 5-HT and GFP boutons while the NTS 
was found to have no such relationship with age.  Density analysis shows no significant 
difference in 5-HT and GFP density between all three ages in the LC and NTS. 
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DISCUSSION 
 
 Using colocalization analysis tools in ImageJ, we were able to quantify the extent 
of colocalization between 5-HT and GFP labeled boutons in the LC and NTS over 
development. Comparing between ages, we found that the extent of colocalization 
increases significantly in the LC between all three ages while the NTS demonstrated no 
such development. Overall, we found that the LC increases 5-HT colabeling with GFP 
labeled axon terminals suggesting a developmental effect of the presence of 5-HT in GFP 
labeled axon terminals. There was no such effect of development in the NTS, although 
there was 5-HT present independent of GFP labeling. The significant changes found in 
the LC 5-HT/GFP expression between the ages of P8 and P13 parallel failure of arousal 
explored in the repeated bouts of hypoxia behavioral study comparing wild-type mice to 
Pet-1 knockout mice (Cummings et al., 2011).  
 We explored serotonergic medulla oblongata development in mice ages P8, P13 
and adult but were limited by some of our experimental methods. First and foremost 
would be the size of our groups, we were only able to obtain an n = 5, for each of the P8 
and P13 groups, but only an n = 3 for the adult age group. One reason for the low group 
sizes was biological: some animals were genetically deemed as transgenic mice that 
should express GFP-synaptophysin in axonal projection terminals, but did not express 
any GFP physiologically. Having a larger group size would have allowed us to weed out 
poor labeling and increased the statistical power of our data. While imaging, we were 
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unable to expose each animal to similar exposure times thus adding to the variability of 
pixel intensity between animals. Moreover, each image was thresholded individually 
optimizing pixel visualization and potentially adding noise or background variability. 
Furthermore, the PKSit mouse model labels all neurons and projections that rise from 
rhombomere 3 and 5 with GFP. Of these Pet-1-Krox20 neurons, approximately 2/3 
express detectable 5-HT, while the other 1/3 is do not have detectable 5-HT. In addition, 
several subjects exhibited different intensities of 5-HT expression in axonal projections, 
which affected the density quantification analysis and made finding a global threshold 
difficult. Lastly, while immunofluorescent staining was done with paired analysis (P8, 
P13, adult were immune processed together), there was still staining variability. Despite 
all these limitations, we were able to uncover a significant change in development in the 
LC. 
 Colocalization analysis of the LC reveals that there is a significant change in the 
amount of double labeling of 5-HT with GFP projection terminals when comparing P8 to 
P13, P13 to adult, and P8 to adult. Experiments from other laboratories have determined 
that the LC is highly involved in arousal and chemosensitive response to hypercapnia. 
More specifically, there is an observed increase in the release of 5-HT in the LC during 
hypercapnic periods, which is critical to the CO2 response (de Carvalho et al., 2014). The 
significance of 5-HT in chemo-sensory pathways was investigated by comparing wild-
type mice with mice that had a 5-HT transporter knock-out, which demonstrated that the 
knock-out mice had a behavioral decrease in response to hypercapnia (Li & Nattie, 
2008). While 5-HT metabolism in all of the brain was affected, after studying the effects 
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5-HT transport knock-out has on chemosensation, Li & Nattie (2008) proposed that 
absence of 5-HT transporter in the brainstem of mice, down-regulates 5-HT 
chemoreception function of the system so that CO2 response is dramatically reduced. In a 
separate study, HPLC data of the LC obtained after exposing adult male mice to 
hypercapnia showed a trend of decreased 5-HT in comparison to adult male mice not 
exposed to hypercapnia, suggesting that hypercapnic episodes can induce changes in the 
serotonergic system (de Souza Moreno et al., 2010).  
 The colocalization studies demonstrate that age has a significant effect on 
serotonergic system development in the LC. While there is a dense innervation of GFP 
seen at P8, P13, and adult, there is little to no colocalization with 5-HT observed in the 
P8. At P8, there is 5-HT innervation present in the area of the LC, but it is not found 
double-labeled to GFP axonal projections. GFP is used as a marker to visualize a sub-
type of 5-HT neurons and projections that express the Pet1-Krox20 transgenic genes, but 
the lack of 5-HT colabeling suggests that while 5-HT is present in the LC at P8, it is not 
yet found in the projections that rise from the GFP-labeled, Pet1-Krox20 lineage. This 
lack of 5-HT colabeling with GFP projections suggests that there is some development 
occurring, which affects the proper function of 5-HT in the Pet1-Krox20 lineage of 
neurons and axonal projections. At P13, there is a significant increase in the colabeling of 
5-HT with GFP, which indicates that the Pet1-Krox20 projections are actively using 5-
HT. It was also found that a there is a significant change in 5-HT and GFP co-labeling 
between mice at P13 and adult mice, indicating that further development in the PKSit 
lineage occurs. 
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 The study done by Cummings et al., (2011) shows that a P8 Pet-1 knockout 
mouse exposed to repeated bouts of hypoxia will lose the ability to respond to the 
hypoxic conditions by the third bout of hypoxia and succumb. The P8 mouse is able to 
successfully respond to the first two rounds of hypoxia, but by the third bout of hypoxia, 
despite the initiation of robust gasping, there is delayed recovery of heart rate and 
lengthened hypoxic apnea duration. The P8 Pet-1 knockout mouse succumbs by the third 
bout of hypoxia, but by P13 the Pet-1 knockout mouse has regained its ability to recover 
from repeated bouts of hypoxia. Hypercapnic response is restored in mice at P13, thus 
whatever development takes place over the five days is sufficient to restore proper 
respiratory function. In a separate study, it was discovered that ventilation response to 
CO2 was low in rats around P8, as the respiratory frequency decreased significantly 
sometime after P4. The rats at P10 also had decreased respiratory frequency, however 
they had restored ventilation due to a significant increase in the tidal volume of 
respiration sometime after P8 (Wickstrom, Hokfelt, & Lagercrantz, 2002). Inducing 
hypercapnia in pups could decrease the amount of 5-HT in the LC and repeated bouts of 
exposure as done in the study by Cummings et al., (2011), could result in severely low 
levels of 5-HT, failure of proper arousal and response to hypercapnia, and eventually 
death (de Souza Moreno et al., 2010). Density analysis of the LC reveals no significant 
change in the density of 5-HT or GFP between all three ages. As the colocalization 
analysis reveals that there is a significant change in colocalization between all three ages, 
it can be deduced that while colocalization changes significantly in this time period, the 
amount of 5-HT does not.  
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 Colocalization analysis of the NTS reveals that while there is some 5-HT present 
in GFP projection terminals in the NTS, there is no change in the amount of 
colocalization between all three ages. Early experiments from other laboratories have 
determined that the function of NTS is crucial in regulating blood pressure and Mean 
Arterial Pressure (MAP) and also receives primary afferent inputs from trigeminal, facial, 
glossopharyngeal, and vagus nerves (Carter & Lightman, 1985; Machaalani & Waters, 
2014). In addition, the NTS has projections that go to the Dorsal Motor Nucleus of the 
Vagus (DMNV), which is another nucleus located in the brainstem that is necessary for 
respiration and regulation of blood pressure. The NTS’ projection to DMNV is crucial 
because altered sympatho-vagal balance and a prolonged QT interval have been 
implicated in some SIDS cases; however the culpable neurotransmitter has not yet been 
identified (Machaalani & Waters, 2014). Moreover, it was found that the serotonergic 
system in the NTS interacts with the GABAergic system via the postsynaptic 5-HT1A 
receptor to produce a reflexive, inhibitory response to chemo-respiratory feedback 
(Ostrowski, et al., 2013). In a previous study by Machaalani, Say, & Waters (2009), it 
was discovered that SIDS infants had distinctly less 5-HT1A receptors in the NTS, leading 
to one hypothesis about the neuropathology of SIDS. 
 The colocalization studies demonstrate that as the mouse ages, the amount of 5-
HT labeling with GFP-synaptophysin in the NTS stays the same. More importantly, the 
Pearson’s Coefficient, a measure of the intensity of pixel overlap, remains low 
throughout development, indicating that there is a consistently low level of colocalization 
throughout development. GFP serves as a marker to indicate which neurons (and 
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subsequent axonal projections) rise from the developmental rhombomere that expresses 
Krox20 and are related to chemosensory relay (Brust, et al., 2014). Two-thirds of these 
neuronal projections should express 5-HT (as the other 1/3 do not have notable 5-HT) but 
in the case of NTS, there is little to no colabeling of GFP with 5-HT. Rather, we find that 
there is innervation of 5-HT axonal terminals that are independent of GFP expression. As 
the mature adult mouse has approximately the same level of colocalization as an 
immature P8 mouse, it can be deduced that the mouse already has 100% of the 
anticipated colocalization at P8. The lack of detectable overlap even in mature adult mice 
suggests that the expression of 5-HT in GFP labeled projections is not necessary. There 
are also 5-HT dependent chemosensory responses involving other mechanisms that are 
important in triggering proper respiratory response. As Ostrowski et al., (2013) indicated, 
5-HT interaction with the GABAergic system produces an inhibitory response that allows 
for controlling respiration in one way by decreasing phrenic nerve amplitude. While 5-
HT may be important in controlling other systems of respiration in the NTS, the amount 
of 5-HT colabeling with GFP within the Pet1-Krox20 lineage does not show any 
detectable changes. These axons and the NTS itself may change markedly over this time 
period however, the colocalization measures showed no change during the period of 
vulnerability revealed by Cummings et al., (2011).  
 Further studies should aim to investigate the mouse brain at P5 as mice at this age 
were shown to have intact response to repeated bouts of hypoxia (Cummings et al., 
2011). Moreover, 5-HT metabolites and their turnover should be studied more in depth 
during the vulnerable period of development as de Souza Moreno et al., (2010) also 
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demonstrated that hypercapnic exposure in adult male mice induced a significant increase 
in 5-Hydroxyindoleacetic Acid (5-HIAA). It is known that 5-HT mechanisms regulate 
other neurotransmitters in the brain that induce respiratory responses, therefore 5-HT 
receptors and their interactions with other chemo-sensory related neurotransmitter 
systems should be looked at in depth during the vulnerable time period. For example, the 
LC receives most of its 5-HT innervation from the dorsal raphe (DR) which provides 
respiratory input and release of 5-HT in the LC modulates the firing rate of noradrenergic 
neurons located adjacent to the cluster of 5-HT innervation (de Souza Moreno et al., 
2010). 
 Our study shows that there is an effect of age on the development of the 
serotonergic system in the LC, but no effect of age in the NTS. We looked at the amount 
of colocalization present in both the LC and NTS and determined that there is a 
significant change between P8 and P13 in only the LC. The study done by Cummings et 
al., (2011) implicates a critical period of development between the ages of P8 and P13 
and while our colocalization study demonstrates that there is a significant developmental 
affect in the LC during this time period, it is only one aspect of why Pet-1 knockout mice 
pups failed to respond to repeated bouts of hypoxia. Other chemosensory nucleii and 
respiratory systems likely undergo changes during this critical period of development and 
contribute to the complex mechanisms regulating respiration and chemosensation. 
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2013. B.S., Neuroscience. University of California Riverside. 
2015. M.S., Medical Sciences. Boston University School of Medicine. 
 
Leadership Experience 
Chair of Publicity and Finance, Residence Halls Association, University of California, 
Riverside, October 2009- June 2010 
http://rha.ucr.edu 
Advertise for a minimum of two programs per quarter. Make posters, flyers, trifolds, and 
other forms of communication. Design, print, and distribute a biquarterly newsletter for 
Pentland residents. Manage finances for programs. Attend, supervise, and help out with 
all programs. 
 
NRHH Member, National Residence Hall Honorary, University of California, 
Riverside, December 2009- June 2011 
http://nrhh.ucr.edu 
Help out with programs put on by NRHH. Make posters and put up advertisements. 
Submit "Of the Months" which are nationally recognized reports about people, programs, 
etc. 
 
Program Coordinator, Housing Dining and Residential Services, University of 
California, Riverside, September 2010- June 2011 
http://reslife.ucr.edu 
Supervise First-Year students in their academic, personal, and social life and help them 
transition smoothly into college life. Plan and organize large scale programs for residents 
to attend. Help Resident Advisors in dictating the peace of the residence halls by going 
on rounds and checking for anything out of the ordinary. 
 
Summer Resident Advisor, Housing, Dining and Resident Services, University of 
California Riverside, June 2011- September 2011 
Supervising residents in the apartments over the summer and interacting with both 
Family Housing residents and the regular student population. Ensuring the safety of all 
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residents and making sure all needs are met and that housing policies are followed and 
enforced. Doing community rounds as well as locking up facilities after hours. Being 
responsible for nights on duty.  
 
Resident Advisor, Housing, Dining and Resident Services, University of California 
Riverside, September 2011- July 2013 
http://reslife.ucr.edu 
Supervise First-Year students in their academic, personal, and social life and help them 
transition smoothly into college life. Act as a role model and mentor for residents and 
assuring that all housing policies are followed and enforced. Responsible to do rounds 
and be on duty for the residence halls. 
 
Counselor, Kindling Intellectual Development (KID), Riverside, June 2012 – August 
2013 
Working in downtown Riverside with underprivileged youths and cultivating their 
intellectual development. Counselors supervise activities, organize events, and work to 
allow youths to become the best they can be while increasing their interest in science. 
Was Camp counselor in the summer, volunteer at KID currently. 
 
Research Experience 
Research Position, University of California Riverside, University of California, 
Riverside, February 2011- June 2011 
Take initiative and independence in achieving the common goal of research of Zirconia 
in order to advance health and medicine. Work with a graduate student and gain valuable 
experience in lab work through helping grow cell cultures and testing results. 
 
Research Position, University of California Riverside, University of California, 
Riverside, January 2012- June 2012 
Modifying plant DNA to test resistance to several different microbes and pathogens. 
Running gel electrophoresis, western blotting, and PCR reactions to collect data, and 
reporting the data to the Lab P.I. Creating a new method to run the PCR reaction to 
replace the instructions from the kit due to technicalities. 
 
Research Position, Perioperative Pain and Anesthesiology, Boston Children’s Hospital, 
Boston, Massachusets, August 2014- Present 
Slicing mice brains in a cryostat, immunostaining, becoming familiar with the use of a 
light microscope, and data quantification and analysis with ImageJ, Photoshop, and FIJI 
software.  
 
Clinical Experience 
CCE Intern, Cope Health Solutions, Riverside Community Hospital, January 2010- 
October 2011 
http://copehealthsolutions.org 
Help nurses with patients. Look after patients and their needs. Make sure that everything 
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is running smoothly with the patients. General care provider. Completed and graduated 
program with 312.25 floor hours in six departments including: Telemetry, Radiology, 
Emergency Department, Labor and Delivery, Neonatal Intensive Care Unit (NICU), 
Cardiac Cath Lab. 
 
Volunteer, Student Run Health Clinic (SRHC), Riverside, October 2012 – August 2013 
http://www.riversidesrhc.com 
Working with other undergraduates and Medical students to help increase health 
awareness in the underpriviliged community of Riverside. Partnering up with a Medical 
student and consulting a Physician about the conditions of patients. Providing 
preventative care methods and hygiene kits to all who need it. Organizing the member's 
interests and making sure those interests are met. 
 
Intern, Children's Hospital of Orange County (CHOC), Orange County, December 
2011 - January 2012 
Shadowed a Cardiologist at CHOC. Gained valuable insight into the doctor-patient 
relationship. Observed procedures and gained perspective into the medical field by 
working alongside a doctor. Visited patients before and after surgery. Interacted with 
patients' family members.  
 
Skills   
Ability to advertise. Have artistic skills. Able to manage time well. Can work well with 
others in a group. Can take vitals of patients. Can administer properly the needs of 
patients. Can use proper body mechanics. Know the proper laboratory procedure. Have 
been in labs for two years. Have had training for fire and other safety hazards. Know how 
to handle different type of situations. Have experience being on call and demanding 
hours. Know how to handle situations under pressure.  
 
Honors & Awards   
In the Honors program at University of California, Riverside. 
On the Deans Honor Role at University of California, Riverside 
In the National Society of Collegiate Scholars 
Have gotten award for the Most Inspirational Program Coordinator 
Have gotten award for Excellent Service as a CCE Intern 
Have gotten award for Dedicated Service as a CCE Intern 
 
Hobbies 
Indian Cultural Dancing (Mudra Studios), playing the Guitar, Viola, and Piano, 
snowboarding, skiing, cross stitching, knitting.  
 
